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1  | INTRODUC TION
The predominant state in which bacteria and archaea live on Earth is 
in the form of biofilms (Flemming et al., 2016): aggregates of micro-
organisms embedded in a self-made extracellular matrix. Molecules 
that can be found in the biofilm matrix include extracellular DNA, 
exopolysaccharides, lipids and proteins, the latter of which can 
self-assemble into a variety of functional forms including filaments, 
films, or fibres (Erskine et al., 2018a). The biofilm matrix conveys 
‘emergent properties’ to the cells in the biofilm (Dragos and Kovacs, 
2017) including, but not limited to, providing structure and stability 
to the community, aiding the sequestration of nutrients and retain-
ing extracellular enzymes which facilitates further processing of the 
biofilm matrix (Flemming et al., 2016).
Biofilm formation by the Gram-positive bacterium Bacillus subtilis 
has been intensively studied and the production of the molecules in 
the matrix is known to be highly controlled by a suite of transcrip-
tion regulators (Cairns et al., 2014). The exopolymeric matrix of the 
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Abstract
Biofilm formation is a co-operative behaviour, where microbial cells become embed-
ded in an extracellular matrix. This biomolecular matrix helps manifest the beneficial 
or detrimental outcome mediated by the collective of cells. Bacillus subtilis is an im-
portant bacterium for understanding the principles of biofilm formation. The protein 
components of the B. subtilis matrix include the secreted proteins BslA, which forms 
a hydrophobic coat over the biofilm, and TasA, which forms protease-resistant fibres 
needed for structuring. TapA is a secreted protein also needed for biofilm formation 
and helps in vivo TasA-fibre formation but is dispensable for in vitro TasA-fibre as-
sembly. We show that TapA is subjected to proteolytic cleavage in the colony biofilm 
and that only the first 57 amino acids of the 253-amino acid protein are required for 
colony biofilm architecture. Through the construction of a strain which lacks all eight 
extracellular proteases, we show that proteolytic cleavage by these enzymes is not a 
prerequisite for TapA function. It remains unknown why TapA is synthesised at 253 
amino acids when the first 57 are sufficient for colony biofilm structuring; the find-
ings do not exclude the core conserved region of TapA having a second role beyond 
structuring the B. subtilis colony biofilm.
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B. subtilis biofilm is composed of polymers that include an exopoly-
saccharide (EPS) and an amphiphilic protein BslA which assembles 
to form a hydrophobic film on the biofilm surface (Kobayashi and 
Iwano, 2012; Hobley et al., 2013). The major protein component 
of the B. subtilis matrix is protease-resistant fibres formed by the 
secreted protein TasA (Romero et al., 2010; Erskine et al., 2018b). 
These fibres provide structural integrity to the biofilm and are nec-
essary for the characteristic wrinkled phenotype of biofilms and 
pellicles (Branda et al., 2006). Experimental models to study biofilm 
formation include colony biofilms grown on a semi-solid agar surface 
and floating pellicles in which the biofilm forms at an air-liquid inter-
face in standing liquid culture.
The tasA coding region is located within an operon alongside 
two other genes: namely sipW and tapA (formerly yqxM) (Zhu and 
Stülke, 2018). SipW is a specialised signal peptidase that is linked 
with removal of the signal peptide from both TasA (Stover and Driks, 
1999b) and TapA (Stover and Driks, 1999a) during the secretion pro-
cess. SipW also modulates expression of the epsA-O operon which 
encodes the proteins needed for the biofilm exopolysaccharide 
(Terra et al., 2012). Thus, sipW is essential for biofilm formation. TapA 
is described as an accessory protein that is thought to be needed 
for the formation of TasA fibres (Romero et al., 2010; Romero et al., 
2011), and more specifically, for the attachment of the TasA fibres 
to the cell surface. Secondary structure analysis revealed TapA to 
be a two-domain protein with significant regions of disorder (Abbasi 
et al., 2019). Additionally TapA has recently been shown to form fi-
bres (El Mammeri et al., 2019). The absence of TapA is correlated 
with a reduction in the level of TasA in the biofilm matrix (Romero 
et al., 2014). Evidence indicates however that, in the absence of 
TapA, recombinant TasA self-assembles into protease-resistant fi-
bres that are structurally and functionally comparable to native 
fibres extracted from B. subtilis (Erskine et al., 2018b; El Mammeri 
et al., 2019). Moreover, when provided exogenously these self- 
assembled recombinant TasA fibres are also biologically active in 
vivo in the absence of TapA, suggesting that cell-surface attachment 
is not critical for biofilm architecture (Erskine et al., 2018b). Thus, 
further evaluation of the function and activity of TapA is warranted.
Here we identify that amino acids 1-57 (inclusive) of TapA form a 
minimal functional unit of the protein that is required to give rise to 
the complex architecture of the B. subtilis colony and pellicle biofilm. 
Heterologous provision of the DNA encoding this truncated form 
of TapA is sufficient to restore rugose biofilm formation to the tapA 
deletion strain (the full-length protein is 253 amino acids in length). 
We identify, through site-directed mutagenesis, key amino acids in 
the minimal, functional TapA form that are required for bioactivity 
and, in doing so, uncover essential hydrophobic amino acids. We 
show that in vivo TapA is proteolytically cleaved to lower molecular 
weight forms by the native extracellular proteases secreted into the 
external environment. We demonstrate that Vpr, a serine protease, 
plays a specific role in cleavage of the TapA protein. Finally, we es-
tablish that proteolysis of TapA by the extracellular proteases is not 
a prerequisite to activity and that TapA can fulfil its role whether it 
is cleaved or not.
2  | RESULTS
2.1 | Identification of a TapA minimal functional unit
To investigate the functional region(s) of tapA an in-frame deletion 
was constructed in B. subtilis NCIB3610. As expected (Romero et al., 
2011), the rugose architecture exhibited by the colony and pellicle 
biofilms formed by the parental isolate was absent when tapA was 
deleted (Figures 1a and S1a). The ΔtasA strain is shown for refer-
ence (NRS5267) revealing the flat featureless biofilm that manifests 
when the TasA fibres are no longer synthesised. The architecture of 
the ΔtapA strain was fully reinstated when the tapA coding region 
was expressed from the heterologous amyE locus using an IPTG in-
ducible promoter (Figures 1a and S1a). The tapA gene is present in 
the genome of a range of Bacillus species and analysis of the protein 
sequences reveals domains with a high degree of conservation and 
other regions of variability (Figure 1b). This includes a marked dif-
ference in the length of the tapA coding region (Figure 1b) (Romero 
et al., 2014); experimental data showed that the coding region for 
amino acids 194-230 of TapA was dispensable (Romero et al., 2014). 
Here, to determine the minimal tapA coding region needed for func-
tion, we systematically deleted tapA from the 3’ end and tested the 
ability of the variant-length tapA constructs to genetically com-
plement the tapA deletion strain. In total, 22 variants of the tapA 
coding region were assessed (Figures 1b,c and S1b). We concluded 
that the TapA1-60 variant was fully capable of recovering architec-
ture of the colony and pellicle biofilm to the tapA mutant, while the 
TapA1-50 form lacked this ability (Figure 1c). We, therefore, made 
constructs with single codon deletions in the region encoding TapA 
amino acids between 60 and 50 (see Figure 1b). We established that 
amino acids 1-57 (inclusive) represented the minimal form of TapA 
that is capable of reinstating colony and pellicle biofilm architecture 
to the tapA deletion strain. This conclusion was reached through a 
visual analysis of colony biofilm and pellicle rugosity (Figures 1c and 
S1b,c). Additionally, as the level of TasA (calculated molecular mass 
25.7 kDa) in the biofilm is substantially reduced in the absence of 
functional TapA (Romero et al., 2014) (Figure S1d), the bioactivity of 
the tapA truncations was supported by immunoblot analysis which 
showed a recovery of TasA levels back to those seen for NCIB3610 
(Figure S1d). The identification of this region of tapA as sufficient 
for TapA activity is consistent with, but significantly extends, the 
previous identification of amino acids 50-57 as being needed for 
TapA function in the context of the full-length protein (Romero et al., 
2014).
2.2 | Amino acids critical for function in the minimal 
functional region of TapA
We were interested in the features within the TapA minimal form 
that conferred activity. The in silico predicted TapA signal sequence 
comprises the first 43 amino acids (Petersen et al., 2011) that is 
purported to be cleaved by a specialised signal peptidase, SipW 
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(Stover and Driks, 1999a). Here we demonstrate that the first 43 
amino acids are not needed for activity, as the 43 amino acid se-
quence can be replaced with the 28 amino acid TasA signal sequence 
(which is also cleaved by SipW; Stover and Driks, 1999a; Stover 
and Driks, 1999b). More specifically, when the chimeric construct, 
PIPTG-tasAss-tapA44-253, was expressed in the tapA deletion strain ru-
gose architecture was fully reinstated to the colony and pellicle biofilms 
(Figure S2a,b). Therefore, the influence of amino acids 1-43 of TapA 
with respect to protein function were excluded from further analysis.
Bioinformatics analysis of TapA from B. subtilis, and the se-
quences of orthologous proteins, reveal that each of the proteins 
are predicted to form a β-strand within the region needed for func-
tion, with conservation found on the level of amino acid properties 
rather than identity (Figure 2a). Consistent with these conclusions, 
orthologous coding regions could genetically substitute for the 
B. subtilis tapA coding region through heterologous expression of 
the tapA coding region from B. amyloliquefaciens, B. paralicheni-
formis and B. pumilus in the B. subtilis tapA deletion strain. The 
resulting architecture of the colony biofilms upon expression of the 
tapA orthologues was indistinguishable from those formed by the 
wild-type (WT) NCIB3610 (Figure 2b). These findings are consistent 
with, but extend those previously published that revealed tapA from 
B. amyloliquefaciens was able to functionally replace TapA of B. sub-
tilis (Romero et al., 2014).
To identify amino acids critical to TapA function, site-directed 
mutagenesis was used to generate a series of constructs containing 
systematic substitutions in the tapA44-57 coding region in the context 
of the minimal TapA1-57 construct (Figure 2c). The variant constructs 
were introduced into the tapA deletion strain and the ability of the 
variant TapA forms to restore architecture to colony biofilms was as-
sessed (Figure 2d-r). One key finding uncovered was that the length 
of the TapA1-57 variant form is the important feature driving activity 
F I G U R E  1   The tapA coding region is functional when truncated. (a) Colony biofilms formed by NCIB3610, ΔtapA (NRS3936),  
+PIPTG-tapA (NRS5045) and ΔtasA (NRS5267); (b) Alignment of TapA protein sequences from B. subtilis, B. pumilus, B. amyloliquefaciens and 
B. paralicheniformis. The percentage amino acid sequence identity with regards the B. subtilis TapA sequence is as follows: B. pumilus- 42%, 
B. amyloliquefaciens- 49% and B. paralicheniformis- 38%. The bold underlined sequence represents the signal sequence, the black boxes 
indicate identical amino acids; The constructs generated and the ability to restore rugose biofilm architecture to the ΔtapA deletion strain 
when expressed from an ectopic position on the chromosome are indicated by the inverted triangles above the amino acid sequence; (c) 
Representative colony biofilms formed by + PIPTG-tapA1-60 (NRS6044), PIPTG-tapA1-50 (NRS6002), +PIPTG-tapA1-59 (NRS6043), +PIPTG-tapA1-58 
(NRS6042), +PIPTG-tapA1-57 (NRS6041), and + PIPTG-tapA1-56 (NRS6025). In (A) and (C) biofilms were grown at 30°C for 48 hr in the presence 
of 25 µM IPTG. Biofilm images are representative of at least three independent biological replicates. The scale bars represent 1 cm
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of TapA1-57 bioactivity, as provision of the tapA coding region for 
amino acids 1-56 was unable to support biofilm recovery (Figure 1c), 
whereas that encoding TapA1-57 or a variant of TapA1-57, where 
threonine 57 was replaced with alanine were biologically active 
(Figures 1c and 2c). We also identified amino acids F45, D47, F51, 
D52, V53 and L55 as critical for TapA function, where the hydropho-
bicity of the amino acids V53 and L55 was a key feature mediating 
biological activity. Further analysis will be required to elucidate the 
exact role the amino acids play in facilitating TapA function (Table 1).
2.3 | TapA is detected in vivo at a low 
molecular mass
As the truncated variant of TapA covering amino acids 1-57 (in-
clusive) is sufficient for the mature architecture of the colony bio-
film to develop, we hypothesised that TapA could be processed in 
vivo to a smaller, potentially active, form. To probe the molecular 
weight of TapA in the colony biofilm we raised a custom TapA an-
tibody that was able to detect recombinant TapA44-253 protein as a 
single band at ~30 kDa by immunoblot (calculated molecular mass 
~25 kDa) (Figure 3a). In contrast to purified recombinant protein, 
analysis using the same αTapA antibodies against proteins extracted 
from the WT NCIB3610 colony biofilm revealed three distinct bands 
with apparent molecular masses of approximately 30 kDa, 18 kDa, 
and 16 kDa. Each band was absent from the protein sample derived 
from the tapA mutant colony (Figure 3b) and returned in an IPTG-
dependent manner when proteins from the tapA complementation 
strain (NRS5045) was probed (Figure 3b).
The detected band profile was unexpected and did not reveal 
the anticipated single ~25 kDa band of the mature secreted protein. 
Thus, to test whether the banding profile of TapA was sustained 
amongst different Bacillus species, we analysed protein extracts 
by immunoblot from three other B. subtilis isolates, namely RO-FF-
1, ATCC 9799 and B-14393T. After 48 hr incubation each of the 
isolates had formed a colony biofilm with a rugose architecture 
(Figure 3c). Using the αTapA antibody on protein extracts from the 
mature colony biofilms we revealed that the TapA banding pattern 
was replicated in each of the distinct isolates (Figure 3d).
2.4 | The C-terminus of TapA is processed in vivo
To understand in more detail the banding pattern detected when 
using the αTapA antibody to challenge protein extracts of the WT 
strain, we assessed the immunoblot banding profile for the tapA 
mutant that expressed either the tapA1-193 (intermediate length, 
Mw 17.3 kDa), tapA1-183 (intermediate length, Mw 16.2 kDa) or the 
tapA1-57 (minimal length, Mw 1.6 kDa) coding region. We used the 
tapA1-253 full-length coding sequence as a reference for the banding 
F I G U R E  2   Identification of critical amino acids in the tapA coding region. (a) Schematic of the region of the B. subtilis TapA protein 
sequence from amino acids 44-57, with secondary structure predictions from Phyre2, JPred and PSIPRED servers, the equivalent regions 
from B. pumilus, B. amyloliquefaciens and B. paralicheniformis are shown for comparison. Green arrows represent predicted β-strands, residues 
critical for function in B. subtilis TapA1-57 are shown in colour: hydrophobic residues are in blue; polar residues are in orange;  
(b) representative colony biofilms formed by + PIPTG-tapAB_pum (NRS5046), +PIPTG-tapAB_amy (NRS5047), and + PIPTG-tapAB_para (NRS5741). 
n > 3. Biofilms formed by (c) +PIPTG-tapA1-57 (NRS6041; (d) +PIPTG-tapA1-57 T57A (NRS6384); (e) +PIPTG-tapA1-57 Q56A (NRS6385);  
(f) +PIPTG-tapA1-57 L55A (NRS6472); (g) +PIPTG-tapA1-57 L55I (NRS6386); (h) +PIPTG-tapA1-57 L55K (NRS6387); (i) +PIPTG-tapA1-57 S54A 
(NRS6388); (j) +PIPTG-tapA1-57 V53A (NRS6473); (k) +PIPTG-tapA1-57 V53I (NRS6389); (l) +PIPTG-tapA1-57 V53K (NRS6502); (m) +PIPTG-tapA1-57 
D52A (NRS6476); (n) +PIPTG-tapA1-57 D52N (NRS6516); (o) +PIPTG-tapA1-57 D52L (NRS6477); (p) +PIPTG-tapA1-57 F51A (NRS6390); (q) +PIPTG-
tapA1-57 D47A(NRS6475); and (r) +PIPTG-tapA1-57 F45A (NRS6474). Biofilms were grown at 30°C for 48 hr in the presence of 25 µM IPTG. 
n = 3 biological replicates. The scale bars represent 1 cm
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pattern of WT. Importantly, each of these variants of tapA can rein-
state the WT architecture to the tapA deletion strain (see Figures 1c 
and S1) and produces variant TapA forms with different calculated 
molecular masses. We hypothesised that if the ~30 kDa band cor-
responded to the full-length secreted TapA protein (calculated Mw 
~25 kDa), a size shift would be apparent in protein samples isolated 
after expression of the variant tapA coding regions. However, the 
protein samples extracted from cells expressing either the tapA1-253 
or tapA1-193 coding region revealed identical banding patterns after 
probing with the αTapA antibody; a truncated form of TapA was not 
detected. Furthermore, the tapA1-183 and tapA1-57 forms only pre-
sented a single faint band that was detected at ~30 kDa (Figure 3e). 
As a difference in the apparent mass of at least one of the bands 
detected in the tapA1-253 or tapA1-193 samples was not observed. The 
simplest explanation is that the 30kDa band is a non-specific band, 
and therefore the only forms of TapA detected are the 18 kDa and 
16 kDa forms. These findings allow us to deduce that TapA is likely 
to be processed in the WT strain such that the C-terminal domain is 
removed. These data also demonstrate that the ~30 kDa band is not 
specific to TapA, but rather is a non-specific protein detected by the 
TapA antibody that is dependent on a functional form of TapA being 
made by the cell.
The reason why TapA1-183 (and other forms with more extreme 
truncations) cannot be detected by immunoblot can be informed 
by analysis of the recently released crystal structure of TapA75-190 
(PDB 6HQC; Roske et al., 2018). TapA75-190 forms a β-sandwich most 
structurally similar to the macroglobulin folds found in bacterial lipo-
proteins from Escherichia coli (PDB 4ZIQ; Garcia-Ferrer et al., 2015) 
and Salmonella typhimurium (PDB 4U4J; Wong and Dessen, 2014) 
⍺-2-macroglobulins (Figure 3f). The structure of TapA contains a di-
sulphide bond between Cys-92 and Cys-188. Therefore, the TapA1-183 
variant protein would lack the disulphide bond and would lose the 
C-terminal β-strand that would disrupt one of the β-sheets. Thus, the 
TapA1-183 construct is highly likely to render the usually folded do-
main unstable, and therefore more prone to degradation. This would 
result in TapA being undetectable by immunoblot. We reason that 
as TapA is active as a minimal unit of 57 amino acids, this N-terminal 
portion of the protein must remain present, albeit not detectable, in 
F I G U R E  3   TapA is processed in vivo. (a) Immunoblot analysis of 50 and 100 ng of recombinant TapA44-253 using αTapA antibodies; (b) 
Immunoblot analysis of proteins extracted from biofilms formed by NCIB3610, ΔtapA (NRS3936), +PIPTG-tapA (NRS5045) (in the absence 
or presence of 25 µM IPTG as indicated) using αTapA antibodies. n = 2; (c) Biofilms formed by B. subtilis isolates NCIB3610, RO-FF-1, ATCC 
9799, and B-14393T after growth at 30°C for 48 hr. Biofilm images are representative of at least three independent replicates. The scale 
bars represent 1 cm; (d) Immunoblot analysis of proteins extracted from biofilms formed by NCIB3610, RO-FF-1, ATCC 9799 and B-14393T 
using αTapA antibodies. n = 3; (e) Immunoblot analysis of proteins extracted from biofilms formed by NCIB3610, ΔtasA (NRS5267), ΔtapA 
(NRS3936), +PIPTG-tapA1-253 (NRS5045), +PIPTG-tapA1-193 (NRS5744), +PIPTG-tapA1-183 (NRS5790) and + PIPTG-tapA1-57 (NRS6044) using αTapA 
antibodies. About 25 µM IPTG was used as indicated, n = 2; Arrow 1 highlights the ~30 kDa band, arrow 2 the ~18 kDa band, and arrow 3 
the ~16 kDa band. (f) Linear schematic of TapA outlining the predicted domains: signal peptide (SP) in grey; minimal functional unit (mfu) in 
yellow; and the crystal structure (residues 75-190, PDB 6HQC) in teal and light blue. The one disulphide bond, between Cys92 and Cys188, 
is shown in stick representation. The region of the folded domain that would be missing in the tapA1-183 construct is in light blue, in both the 
linear and tertiary structure representations. The crystal structure was visualised using PyMOL 2.0
6  |     EARL Et AL.
the colony biofilm formed by strains that express either tapA1-183 or 
tapA1-57. The development of a rugose architecture of a colony bio-
film when TapA bands cannot be detected using the αTapA antibody 
indicates that the bands are not representative of the region of the 
protein responsible for conferring rugose architecture.
2.5 | Recombinant TapA is cleaved by 
extracellular proteases
The consistent detection of TapA at low molecular mass forms in the 
immunoblots is suggestive that in vivo TapA is subjected to process-
ing. These findings led us to the hypothesis that TapA is cleaved in 
the extracellular environment to release a functionally active form 
of the protein. B. subtilis encodes eight major secreted extracellu-
lar proteases (Bpr, Vpr, NprB, Mpr, Epr, AprE, NprE and WprA) (Zhu 
and Stülke, 2018) that might cleave TapA. We revealed that TapA 
is sensitive to proteolysis as incubation of recombinant TapA44-253 
with spent culture supernatant, containing extracellular proteases 
secreted by NCIB3610, resulted in full size TapA44-253 no longer 
being detected by SDS-PAGE analysis. In a control reaction where 
the spent culture supernatant was heat treated for 10 min at 100°C, 
to denature the native exoproteases, the full-length TapA44-253 was 
detected (Figure 4a). Taken together with data indicating that TapA 
is a secreted protein, these findings are consistent with the hypoth-
esis that the extracellular proteases could cleave TapA in vivo.
TA B L E  1   Qualitative description of biofilm phenotype for 
variant tapA minimal functional unit forms
Variant tapA region Biofilm phenotypea 
Strain 
number
+ PIPTG-tapA1-57 Wild type-like NRS6041
+ PIPTG-tapA1-57(T57A) Wild type-like NRS6384
+ PIPTG-tapA1-57(Q56A) Wild type-like NRS6385
+ PIPTG-tapA1-57(L55I) Wild type-like NRS6386
+ PIPTG-tapA1-57(L55K) ΔtapA-like NRS6387
+ PIPTG-tapA1-57(L55A) ΔtapA-like NRS6472
+ PIPTG-tapA1-57(S54A) Wild type-like NRS6388
+ PIPTG-tapA1-57(V53I) Wild type-like NRS6389
+ PIPTG-tapA1-57(V53K) ΔtapA-like NRS6502
+ PIPTG-tapA1-57(V53A) Intermediate NRS6473
+ PIPTG-tapA1-57(D52A) Intermediate NRS6476
+ PIPTG-tapA1-57(D52L) ΔtapA-like NRS6477
+ PIPTG-tapA1-57(D52N) Intermediate NRS6516
+ PIPTG-tapA1-57(F51A) Intermediate NRS6390
+ PIPTG-tapA1-57(D47A) Intermediate NRS6475
+ PIPTG-tapA1-57(F45A) ΔtapA-like NRS6474
aBiofilm phenotypes are described qualitatively as: 1) ‘wild type-like’, 
displayed prominent corrugations resembling NCIB3610 B. subtilis 
biofilms; 2) ‘intermediate’, failed to form prominent wrinkles but more 
complex architecture than displayed by the ΔtapA strain; and 3) ‘ΔtapA-
like’, retained flat, featureless biofilms shown by the ΔtapA mutant. 
F I G U R E  4   TapA is cleaved by the extracellular proteases secreted by B. subtilis. (a) Integrity of 28 µg of recombinant TapA44-253 incubated 
for 8 hr at 37°C analysed by SDS-PAGE. The protein (IN) was incubated with filtered spent supernatants, or MSgg medium (MD), collected 
from NCIB3610 comI (NRS6017) and KO8 (NRS5645). The (−) and (+) indicate if the supernatant had been heat inactivated at 100°C prior to 
incubation with the recombinant protein. n = 2; (b) Immunoblot analysis of proteins extracted from biofilms formed by NCIB3610 and KO8 
(NRS5645), at 12, 18, 24 and 48 hr, using αTapA antibodies. n = 2. (c) Immunoblot analysis of NCIB3610, ∆tapA (NRS3936), KO8 (NRS5645) 
and KO8 + PIPTG-tapA1-193 (NRS7011) biofilm extracts at 18 hr with αTapA antibodies. n = 2; (d) Immunoblot of 48 hr biofilms of 3610 comI 
and KO1 to KO7 using αTapA antibodies. n = 2. (e) Immunoblot of biofilms harvested at 48 hr of 3610 comI (NRS6017), ∆tapA (NRS3936) and 
vpr::erm (NRS7010) using αTapA antibodies. n = 2. Arrow 1 highlights the ~30 kDa band, arrow 2 the ~18 kDa band, and arrow 3 the ~16 kDa 
band
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2.6 | Removing the extracellular proteases impacts 
TapA processing
To test the potential role of the extracellular proteases on TapA 
cleavage in vivo, we constructed a strain that lacked eight secreted 
exoproteases (hereafter KO8: NRS5645 bpr, vpr, nprB, mpr, epr, 
aprE, nprE and wprA). The KO8 strain showed no evidence of pro-
teolytic activity when grown on LB agar for 20 hr that was sup-
plemented with 1.5% (w/v) milk, similar to the degU deletion strain 
which was used as a negative control (Figure S3a) (Msadek et al., 
1990). Moreover, recombinant TapA44-253 protein was stable when 
incubated in spent culture supernatant isolated from the KO8 strain 
(Figure 4a). The impact of removing the extracellular proteases on 
the size of TapA in vivo was assessed by immunoblot analysis of pro-
teins extracted from the WT and KO8 strain after growth for 12, 
18, 24 or 48 hr under colony biofilm formation conditions. The ~30, 
~18 and ~16 kDa bands were detected in the WT strain at each time 
point. In contrast, the ~16 kDa form was not detected in the KO8 
strain at any of the time points tested and the ~18 kDa band was only 
detected after 48 hr. An additional band with an apparent molecular 
mass of ~25 kDa was detected in the KO8 samples at 12, 18, 24 
and 48 hr (Figure 4b). A molecular mass of ~25 kDa band is broadly 
consistent with the calculated mass of mature secreted TapA. When 
the tapA1-193 coding region was expressed in a KO8 tapA strain, the 
~25 kDa band was no longer detected. Instead, a band of ~18 kDa 
was present (Figure 4c) [17.3 kDa is the calculated molecular weight 
of the TapA1-193 variant minus the 43 amino acid signal sequence]. 
Taken together these data reveal that TapA is cleaved in vivo at two 
distinct positions, one position which generates the ~18 kDa form 
and another position which yields the ~16 kDa form.
2.7 | Vpr cleaves TapA in a specific manner
Cleavage of TapA into the ~16 kDa form was completely blocked in 
the KO8 strain. To elucidate which exoprotease was responsible we 
examined the TapA banding profile in the suite of strains built dur-
ing the construction of the NCIB3610 KO8 strain. These are called 
strains KO1 to KO7 (see Table S1). We noted that the ~16 kDa TapA 
band was not detected in the protein samples extracted from col-
ony biofilms once the coding region for vpr was deleted (Figure 4d). 
Consistent with this, in a single vpr::erm NCIB3610 strain (NRS7010) 
only one αTapA antibody reactive band was detected after 48 hr 
growth under biofilm formation conditions, the band at ~18 kDa 
(Figure 4e). We, therefore, conclude that Vpr is needed for the gen-
eration of the ~16 kDa form of TapA.
2.8 | Cleavage of TapA by the extracellular 
proteases is not needed for biofilm architecture
Having demonstrated that TapA is processed in the extracellu-
lar environment, we asked if processing was a prerequisite for the 
architecture of the B. subtilis colony and pellicle biofilms to develop. 
We found that the KO8 strain displayed a minor defect in colony 
biofilm architecture, with the exoprotease-free strain showing fewer 
of the large corrugations seen in the colony biofilm formed by the 
parental strain (Figure 5a). The macroscale images of the pellicle bio-
films formed by the two strains were largely comparable (Figure 5a). 
Imaging of the colony biofilms at the microscale using confocal mi-
croscopy revealed very little difference in comparison to the WT 
strain in terms of wrinkle formation at the microscale, however, there 
was a small, but consistent, difference in the overall height of struc-
tures in the biofilm (Figures 5b and S3b). Images of the biofilms were 
acquired from the central region of the colony after 12, 18, 24 and 
48 hr incubation. Analysis of the extent to which the features in the 
biomass extended in the Z direction revealed that from 12 to 24 hr 
there was no substantial difference between WT and KO8 strains, 
with the volume in µm3 for the samples being comparable in each of 
the biofilms (Figure 5b). Although both WT and KO8 strains showed 
significant increase in volume between 24 and 48 h, the change was 
slightly greater for WT, at 2.6-fold, compared to 2.4-fold for KO8 
(p < .005) (Figure 5b). The alteration in biofilm architecture displayed 
by the KO8 strain is unlikely to be a consequence of a generalised 
growth defect as both the WT and KO8 strain exhibit comparable 
growth rates and yields when grown under shaking culture condi-
tions in MSgg (Figure 5c).
The NCIB3610 KO8 strain shows altered cleavage of TapA and 
a minor alteration in the rugosity of the colony biofilm architecture. 
We reasoned that if the differences in the rugosity displayed by the 
KO8 strain compared with WT were due to a lack of TapA cleavage, 
introduction of the minimal functional unit coding region of tapA, 
TapA1-57, at the heterologous amyE location would recover biofilm ar-
chitecture. However, we found that TapA1-57 was unable to reinstate 
the larger architectural features to the KO8 biofilms (Figure 5d). We 
confirmed that the TapA1-57 variant form was functional in the KO8 
strain as both the full-length and minimal tapA coding region could 
restore the colony biofilm morphology displayed by the KO8 ΔtapA 
biofilms, such that the phenotype mimicked the parental KO8 strain 
(Figure S3c). In addition, we assessed the direct impact of lacking 
Vpr using a vpr single deletion strain. This strain is unable to cleave 
TapA to yield the ~16 kDa form. The vpr deletion isolate retained a 
colony biofilm morphology that could not be distinguished from the 
WT NCIB3610 (Figure S3c). Therefore, we conclude that cleavage 
of TapA, at least to a 16 kDa form, is not a prerequisite to gener-
ate functionally active TapA, as assessed by structure of the colony 
and pellicle biofilm. Thus, the subtle impact on biofilm architecture 
which manifests upon removal of the eight extracellular protease 
genes in the KO8 strain must be TapA independent.
3  | DISCUSSION
An extracellular matrix composed of polymers is critical to struc-
tured sessile communities of bacterial cells called biofilms. In 
B. subtilis, this adhesive matrix is needed for assembly of both 
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pellicle and colony biofilms in addition to the attachment to plant 
roots (Beauregard et al., 2013). Biofilm matrix production by B. 
subtilis depends on the protein TapA, which has a role in promot-
ing TasA stability and fibre formation in vivo (Branda et al., 2006; 
Romero et al., 2010; Romero et al., 2014; Abbasi et al., 2019; El 
Mammeri et al., 2019). Here we show that orthologous tapA genes, 
originating from other Bacillus species, are functional in the WT B. 
subtilis NCIB 3610 strain. This is in agreement with previous work 
which found that tapA from B. amyloliquefaciens can substitute for 
the B. subtilis tapA coding region (Romero et al., 2014). The B. pumi-
lis TapA protein is 61 amino acids shorter at the C-terminus, com-
pared with B. subtilis TapA, indicating that the extreme C-terminal 
amino acids are dispensable for the rugose biofilm architecture. 
Consistent with this, when a truncated form of the B. subtilis tapA 
open reading frame was used to encode a variant form of TapA 
that lacked the C-terminus, it was functional. Further investiga-
tions presented here determined that the minimal functional unit 
of TapA consists of amino acids TapA1-57. This was unexpected as 
the region of TapA with the highest conservation amongst the 
orthologues (amino acids 74-190 inclusive) was not needed to 
restore rugose biofilms to the tapA deletion strain. We have also 
shown that the predicted TapA signal sequence, which consists 
of amino acids 1-43, can be replaced with the predicted TasA 28 
amino acid signal sequence. This, therefore, leaves a functional 
component of TapA of only 14 amino acids (amino acids 44-57 
inclusive). Intriguingly, there are some shared sequence features 
between the N-terminal amino acids of the mature TapA and TasA 
proteins, but the significance of this shared similarity is unknown. 
Finally, we cannot rule out the possibility that amino acids 58-253 
of TapA serve a distinct function beyond promoting rugose biofilm 
formation, but what role it may play is undefined.
The cleavage of TapA to lower molecular weight forms is con-
served amongst other B. subtilis isolates and depends on self-pro-
duced extracellular proteases. Exactly how the minimal functional 
unit leads to a structured colony and pellicle biofilm remains un-
known. Structural details for the region of TapA needed for biofilm 
architecture are limited, however, the crystal structure of the core of 
TapA75-190 (PDB 6HQC) reveals a β-sandwich (Figure 3f) and recent 
NMR analysis has suggested that the C-terminus of TapA is a disor-
dered protein, while the N-terminus is a structured domain, with the 
two domains interacting with lipid vesicles in a co-operative manner 
(Abbasi et al., 2019). Collectively, our immunoblot and genetic data 
support the conclusion that TapA is cleaved at two positions. Once 
in the C-terminal region, yielding a ~18 kDa form and additionally in 
the N-terminal region by Vpr, a serine protease, yielding a ~16 kDa 
form likely to comprise the stable core of the protein (Figure 6). Our 
data also indicate that cleavage at the C-terminal region of TapA can 
either use a protease that remains active in the KO8 strain, albeit not 
F I G U R E  5   Cleavage of TapA is not needed for biofilm architecture. (a) Colony and pellicle biofilms formed by B. subtilis isolates 3610 comI 
(NRS6017) and KO8 (NRS5645); (b) Volume of features in the middle of colony biofilms of NCIB3610 comI constitutively expressing GFP 
(NRS5634), filled circles and NCIB3610 comI KO8 constitutively expressing GFP (NRS6991), empty circles. Images acquired at 12h, 18h, 24h 
and 48 hr of biofilm growth at 30°C. Shown are six individual points per strain per time point comprising two biological replicates with three 
technical repeats each. Lines represent mean and standard deviation; (c) Growth of NCIB3610 comI (closed circles) and NCIB3610 comI KO8 
(NRS5645) (open circles) in MSgg medium with shaking at 30°C measured by OD600. An average of two independent experiments are shown 
with the error bars being the standard deviation; (d) Biofilms formed by 3610 comI (NRS6017) and vpr::erm (NRS7010); (e) Biofilms of KO8 
PIPTG-tapA1-57 (NRS6960). The scale bars represent 1 cm and the biofilms were incubated for 48 hr at 30°C
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as efficiently as seen in the WT strain (Figure 6), or that this cleavage 
can occur via a non-enzymatic reaction over an extended timeframe.
Vpr plays a specific role in the cleavage of TapA and is a serine 
protease that is part of the family of subtilisin-like proteases first 
noted using an unbiased screen seeking to identify extracellular 
proteases produced by B. subtilis (Sloma et al., 1991). Production of 
Vpr is controlled at the level of transcription by the regulator acti-
vator CodY (Barbieri et al., 2015), and repressor DnaA (Smith and 
Grossman, 2015). Transcription of vpr is also promoted under condi-
tions of phosphate starvation (Allenby et al., 2005). Vpr has not been 
specifically linked with growth or sporulation under nutrient-rich 
condition and is part of a family of proteins that are broadly clas-
sified as being used for nutrition acquisition (Rawlings et al., 2010). 
However, Vpr is needed to produce quorum sensing signalling mole-
cules, with a direct role in the generation of the five amino acid signal 
CSF from proCSF in the extracellular environment (Lanigan-Gerdes 
et al., 2007). Therefore, our findings broaden the social biology be-
haviours exhibited by B. subtilis that Vpr is associated with.
The activity of extracellular proteases is linked with biofilm ma-
trix formation in other species of bacteria. For example, the matrix 
protein RmbA of Vibrio cholerae specifically binds the biofilm exo-
polysaccharide in a manner dependent on its structural configura-
tion which promotes biofilm formation (Fong et al., 2017). However, 
RmbA is cleaved during biofilm formation by the HapA, PrtV and 
IvaP proteases (Berk et al., 2012; Hatzios et al., 2016), which releases 
a form of RmbA that allows for recruitment of both exopolysaccha-
ride-producing and exopolysaccharide-nonproducing cells to the 
growing community (Smith et al., 2015). The exact consequences for 
the processing of RmbA on biofilm formation in natural communities 
remains to be addressed. Based on this precedent, we speculated 
that TapA processing may generate an active variant of TapA and 
tested the impact of deleting the genes encoding the extracellular 
proteases on biofilm formation. We found that TapA processing to 
lower molecular weight forms was altered in the KO8 strain lack-
ing Bpr, Vpr, NprB, Mpr, Epr, AprE, NprE and WprA. However, in 
contradiction to our hypothesis, the colony biofilm architecture 
differences exhibited by the KO8 strain could not be mitigated by 
expression of the minimal functional coding region of tapA. We, 
therefore, conclude that the difference in KO8 colony biofilm archi-
tecture alteration is likely to be due to pleiotropic effects of dele-
tion of the exoprotease genes, rather than being a specific impact of 
altered TapA processing. It is possible that the lack of extracellular 
proteases could impact the abundance of quorum sensing peptides 
in the extracellular environment. This is in line with evidence demon-
strating that exoproteases control both the production and degra-
dation of the quorum sensing signalling molecule ComX (Spacapan 
et al., 2018). An accumulation of quorum sensing peptides in the 
biofilm microenvironment may have a global impact on the physiol-
ogy of the KO8 strain due to an alteration in cell signalling pathways 
(Miller and Bassler, 2001; Kalamara et al., 2018). The susceptibility 
of TapA to cleavage by the exoproteases raises the possibility that 
TapA is degraded (recycled) after it has fulfilled its role in biofilm 
formation. The alternative notion is that TapA plays a second role in 
B. subtilis physiology that is yet to be elucidated. This hypothesis is 
strengthened if you take into account that this is the conserved and 
stable core of the protein.
4  | CONCLUDING REMARKS
Through this analysis we have expanded our knowledge of the pro-
tein TapA which is needed for biofilm formation by B. subtilis. We 
have revealed that TapA1-57 is a key component of the functional 
form of TapA in vivo, allowing rugose biofilm architecture to mani-
fest. In contrast, the main body of the protein is entirely dispensable 
in this experimental set up, despite it containing the most con-
served amino acid sequences. The exact mechanism by which TapA 
is needed to stimulate TasA stability in vivo requires more elucida-
tion, but the amino acids that were found to be critical for function 
between amino acids 45-57 provide a starting point for analysis. 
F I G U R E  6   Schematic of TapA processing in B. subtilis. The full-length secreted form of TapA is predicted to have a molecular weight of 
24.18 kDa. The 18 kDa band observed by αTapA immunoblot is generated by the cleavage of the C-terminus either by an as yet unidentified 
protease or by a non-enzymatic process. Processing at the N-terminus by the exoprotease Vpr releases a ~16 kDa band leaving the 
structured, β-sandwich, core of the protein intact. The minimal functional unit (mfu) is shown in pale orange. The region for which there is 
structural information is shown in green. The approximate location of protease cutting sites are shown as triangles. The minimal functional 
form of the protein still conferred structure to biofilms, confirming that the bands detected by immunoblot do not represent the important 
functional unit of the protein in this context
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We have shown that TapA is processed in two distinct positions in 
vivo but that cleavage by the self-produced exoproteases is not an 
essential step to generate a functional protein form. We have also 
identified Vpr as a protease with a specific role in cleavage. Despite 
this, exactly how TapA functions to promote biofilm formation and 
the physiological role of the core of TapA remains to be elucidated.
5  | MATERIAL S AND METHODS
5.1 | Growth media and additives
Lysogeny broth (LB) was prepared using 10 g of tryptone, 10 g of 
NaCl and 5 g of yeast extract for 1 litre. LB agar was prepared by 
solidifying with 15 g of select agar for growth of B. subtilis and 
E. coli. For antibiotic selection with B. subtilis strains antibiotics were 
used at the following final concentrations: erythromycin (0.5 µg/ml), 
spectinomycin 100 µg/ml and MLS, erythromycin (0.5 µg/ml) to-
gether with lincomycin (12.5 µg/ml). For antibiotic selection of plas-
mids in E. coli ampicillin was used at a concentration of 100 µg/ml.
To make Minimal Salts glycerol glutamate (MSgg) plates 5 mM 
potassium phosphate, 100 mM MOPS at pH 7.0 with agar to a final 
concentration of 1.5% (w/v) was autoclaved and cooled to 55°C be-
fore being supplemented with 2 mM MgCl2, 700 µM CaCl2, 50 µM 
FeCl3, 50 µM MnCl2, 1 µM ZnCl2, 2 µM thiamine, 0.5% (v/v) glycerol 
and 0.5% (w/v) glutamic acid. For induction of gene expression from 
the Pspank promoter (PIPTG) isopropyl β-D-1-thiogalactopyranoside 
(IPTG) was included at a final concentration of 25 µM. For MSgg 
broth the same recipe was followed without the addition of agar.
5.2 | Strain construction
Strains used in this study are detailed in Table S1. Complementation 
alleles and antibiotic resistance cassette marked gene deletions were 
moved between strains using either SSP1 mediated phage transduc-
tion (Verhamme et al., 2007) or genetic competence with genomic 
DNA. The following strains were used for amplification of coding 
regions: B. subtilis strain NCIB3610 (GenBank Accession number: 
CP020102.1); B. amyloliquefaciens FZB42 (GenBank Accession 
number: CP000560.1); B. paralicheniformis (kindly provided by 
Dr. Nijland) and B. pumilis SAFR-032 (GenBank Accession number: 
CP000813.4).
The ΔtapA deletion strain was generated by allelic exchange in a 
method similar to that previously published using the pMAD plasmid 
(Arnaud et al., 2004). Briefly, a 395 bp upstream region was ampli-
fied by PCR with primers NSW1308 and NSW1332 and a 641 bp 
downstream region was amplified using primers NSW1333 and 
NSW1334. Both fragments were cloned into the pMini-MAD vector 
(Patrick and Kearns, 2008) to generate plasmid pNW685.
To construct the in-frame deletions in all eight genes encoding 
the secreted proteases B. subtilis NCIB3610 comI (Patrick and Kearns, 
2008), the BKE collection was utilised (Koo et al., 2017) where single 
gene deletions have been replaced with a cassette providing resis-
tance to erythromycin. Genomic DNA was extracted from strains 
in the BKE collection and used to transform competent B. subtilis 
3610 comI (Konkol et al., 2013) before selection on LB erythromycin 
plates. The erythromycin cassette contains lox sites and was sub-
sequently removed leaving a 150 base pair scar by the action of a 
Cre recombinase, which was expressed on the heat-sensitive plas-
mid pDR244. In cases in which transformation with genomic DNA 
proved unsuccessful then the mutation was introduced by phage 
transduction with SPP1 phage. All the strains were examined using 
PCR and DNA sequencing to ensure the specificity in the region de-
leted from the chromosome. The intermediate strains are fully de-
tailed in Table S1. The in-frame tapA deletion was introduced using 
plasmid pNW685 described above.
The variant tapA coding regions were introduced into B. subtilis 
chromosome at the amyE locus. Double recombination events were 
identified by assessing the production of α-amylase on LB growth 
medium supplemented with 1% (w/v) soluble starch.
5.3 | Plasmid construction
Plasmids (Table S2) were constructed using standard methods using 
the primers detailed in Table S3.
5.4 | Growth analysis
Lawn plates were set up by suspending a single colony in 100 µl of 
LB medium and plating the suspension onto LB agar and incubated 
overnight at 25°C. After ~24 hr the cells were washed from the plate 
in 5 ml of MSgg broth and the absorbance at 600 nm measured. The 
volume of cell suspension used to inoculate was calculated based 
on a desired starting OD600 of 0.1. Cultures were grown in 25 ml of 
MSgg broth in a 250 ml conical flask in a water bath set to 30°C with 
shaking at 200 rpm.
5.5 | In vivo analysis of exoprotease production
Detection of exoprotease production was conducted as previously 
described (Verhamme et al., 2007) using LB agar plates supplemented 
with 1.5% (w/v) dried milk powder. Strains were grown in 3 ml of LB 
broth at 37°C to an OD600 of ~1. The cultures were normalised and 
10 µl of the prepared cell culture spotted onto the plate. The sam-
ples were then grown for 20 hr at 37°C prior to photography.
5.6 | Biofilm growth and analysis
Biofilm colonies were prepared by growing B. subtilis in 3 ml of LB 
broth at 37°C with aeration for ~3.5 hr. After which, 10 µl of the 
culture was spotted onto an MSgg agar plate that was incubated at 
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30°C for 48 hr. Biofilm pellicles were prepared by growing B. subtilis 
in 3 ml of LB broth at 37°C with aeration for ~3.5 hr. After which, 
4 µl of the culture were inoculated into 2 ml of MSgg liquid in a 24-
well plate that was incubated at 25°C for 72 hr. Imaging used a Leica 
MZ16 stereoscope (Leica Microsystems). About 25 µM IPTG was in-
cluded in the growth medium to induce expression from the Pspank 
promoter as indicated.
5.7 | Protein extraction from biofilms
Biofilms were isolated from MSgg plates with a sterile loop and 
suspended in 250 µl of BugBuster solution (Millipore) using a sy-
ringe with a 23 x 1-gauge needle until dispersed. The samples were 
sonicated at an amplitude of 20% power for 5 s. Sonicated biofilms 
were incubated at 26°C for 20 min with shaking at 1,400 rpm before 
centrifugation for 10 min in a benchtop centrifuge at 13,000 rpm. 
The liquid phase was retained for further analysis by SDS-PAGE and/
or immunoblot. Protein concentration of biofilm lysates was deter-
mined by measuring absorbance at 280 nm (NanoDrop spectropho-
tometer) or using the DC protein assay (BIO-RAD) which is based on 
the Lowry assay (Lowry et al., 1951).
5.8 | Protein purification
Recombinant B. subtilis TapA44-253, mTasA (Erskine et al., 2018b) and 
fTasA (Erskine et al., 2018b) proteins were produced and separated 
from a Glutathione S-transferase-tag with a tobacco etch virus (TEV) 
protease-cleavage site using the pGEX-6P-1 system. The pGEX-6P-1 
plasmid carrying the gene encoding the protein was introduced 
into E. coli strain BL21 (DE3) pLysS. The cells were grown overnight 
in 5 ml of LB broth and used to inoculate auto-induction media 
(Studier, 2005) supplemented with ampicillin (100 µg/ml) at a ratio 
of 1:1,000 (vol:vol) in a total volume of 1 litre. The cultures were 
incubated at 30°C with shaking for approximately 6-7 hr at which 
point the temperature was reduced to 18°C for overnight incuba-
tion. The cell culture was pelleted by centrifugation for 45 min at 
5,020 g and re-suspended in 25 ml of purification buffer (Tris 25 mM 
and NaCl 250 mM [pH 7.6]) supplemented with Complete EDTA-free 
proteinase inhibitors mixture (Roche). Cell lysis was carried out by 
sonication at an amplitude of 20% for a total of 6 min. Unlysed cells 
and cell debris were removed by centrifugation at 27,000 × g for 
20 min. The cleared lysate was mixed with 750 µl of (per litre of cul-
ture) Glutathione Sepharose 4B (GE Healthcare) and gently agitated 
at 4°C for at least 3 hr to allow binding of GST to the beads. The 
lysate/bead mixture was loaded onto a single-use, 25 ml gravity flow 
column (Bio-Rad). The beads were washed using 50 ml of purifica-
tion buffer, collected and incubated overnight at 4°C with agitation 
in 25 ml of purification buffer supplemented with 1 mM DTT and 
0.5 mg of TEV protease to release the protein from the GST-tag. 
The solution containing target protein, TEV protease, free GST and 
the beads was loaded onto the gravity flow column. This removed 
the used beads which stay on the column. The flow-through was 
added to 250 µl of Ni-nitrilotriacetic acid agarose (Qiagen) slurry to 
remove the TEV protease and 750 µl of glutathione sepharose 4B 
to remove the free GST-tag. The mixture was incubated at 4°C with 
agitation overnight, and then passed through a gravity flow column. 
The purified protein was concentrated using a Vivaspin 20 concen-
trator (with a MW cut-off of 5,000 or 10,000 Sartorius). The protein 
concentration was determined by measuring absorbance at 280 nm 
(NanoDrop spectrophotometer) and then analysed by separating 
~30 µg by SDS-PAGE.
5.9 | Protein stability in culture supernatant
To collect spent culture supernatant the following process was used. 
Initially, lawn plates were set up by suspending a single colony in 
100 µl of LB medium and plating the suspension onto LB agar. Lawn 
plates were incubated overnight at 25°C. After ~24 hr the cells were 
washed from the plate in 5 ml of MSgg broth and the absorbance at 
600 nm measured. The volume of cell suspension used to inoculate 
was calculated based on a desired starting OD600 of 0.1. Cultures 
were grown in 25 ml of MSgg broth in a 250 ml conical flask in a 
water bath set to 30°C with shaking at 200 rpm. Early stationary 
phase cultures were harvested at an OD600 of approximately 4.0 and 
normalised. The harvested culture was then pelleted by centrifuga-
tion at 3,220 × g for 10 min and the full volume of supernatant was 
filter-sterilised to remove bacterial cells. The supernatant protease 
activity assay was set up by mixing supernatant 1:1 (vol:vol) with pu-
rified TapA, mTasA or fTasA protein (to give a total volume of 40 µl) 
and incubating the mixture at 37°C for 8 hr. This gave a protein con-
centration in the assay of 3 µg/µl, and a total recombinant protein 
amount of 120 µg. Heat-inactivation of the supernatant was carried 
out by incubating the supernatant samples at 100°C for 10 min prior 
to use. The integrity of the recombinant protein was then assessed 
by SDS-PAGE, stained with InstantBlue™ (Sigma-Aldrich), Coomassie 
based stain. About 28 µg of protein was loaded onto the gel, this was 
calculated based on the starting assay concentration of 3 µg/µl.
5.10 | Antibody production
A custom antibody that could be used to detect TapA from B. sub-
tilis was raised in a rabbit using purified recombinant TapA34-253 as 
the antigen (Eurogentec). The antibodies specific to recombinant 
TapA34-253 were purified from the serum using standard methods by 
the MRC Protein reagents and services team (https://mrcpp ureag 
ents.dundee.ac.uk/our-servi ces/custo m-antib ody-produ ction).
5.11 | Immunoblot analysis
Samples to be analysed by immunoblotting were separated by SDS-
PAGE under denaturing conditions. The proteins were transferred 
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to hydrophobic polyvinylidene difluoride (PVDF) membranes 
(Immobilon-P [Millipore]) by electroblotting. The membranes were 
first blocked with a 5% (w/v) semi-skimmed dry milk solution in 
TBS-tween 0.2% (v/v) for at least 1 hr at room temperature or over-
night at 4°C. After which the membrane was incubated with the pri-
mary antibody overnight at 4°C (dilution as follows: 1:5,000 αTapA, 
1:25,000 αTasA). After incubation with the primary antibody, the 
membrane was washed three times with TBS-tween 0.2% (v/v) to 
the remove unbound primary antibody and incubated with the spe-
cies-specific secondary HRP-conjugated antibody (Goat α Rabbit, 
dilution 1:5,000) for 1 hr at room temperature in TBS-tween 0.2% 
(v/v). The wash steps were repeated before development was in-
duced with Enhanced Chemi-Luminescence reagents (ECL; BioRad 
Clarity). An electronic imaged was captured using the GeneGnome 
(SynGene) system.
5.12 | Bioinformatics analysis
Protein sequences of TapA homologues were aligned using Clustal 
Omega using default settings (Sievers et al., 2011). Percentage iden-
tity between TapA orthologues was calculated with reference to B. 
subtilis TapA using the pairwise alignment function on the Jalview 
2 workbench (Waterhouse et al., 2009). For the prediction of signal 
peptides for all TapA variants then the SignalP 4.1 server was used 
and set to the organism group ‘Gram-positive’ (Petersen et al., 2011). 
Secondary structure predictions were calculated using the Phyre2 
(Kelley et al., 2015), JPred (Drozdetskiy et al., 2015; MacGowan et al., 
2020), and PSIPRED (Buchan and Jones, 2019) webservers.
The crystal structure of TapA75-190 was retrieved from the Protein 
Data Bank (PDB 6HQC) (Roske et al., 2018). The DALI server (Holm, 
2019) was used for structural comparison to all structures in the 
Protein Data Bank. Structural visualisation was done using PyMOL 
2.0 (The PyMOL Molecular Graphics System, Version 1.2r3pre, 
Schrödinger, LLC).
5.13 | Confocal microscopy
For confocal microscopy, two biological replicates of WT and KO8 
strains (NRS5634 and NRS6991 respectively) constitutively ex-
pressing the coding region for the Green Fluorescent Protein (GFP) 
were grown in liquid LB at 37°C and 200 rpm for approximately 4 hr. 
The cell density was then normalised to an OD600 of 0.9. From each 
of these biological repeats three technical repeats were prepared by 
depositing 1 µl of cells onto MSgg agar 1.5% (w/v) plates and incu-
bated at 30°C. Imaging was performed on a Leica SP8 upright confo-
cal with a 488 nm excitation laser at 2% power and a 10x 0.3NA dry 
objective, detecting emission wavelengths from 490 to 600 nm with 
the pinhole set to 1AU for 525 nm. A system-optimised z-step of 
3.88 µm was used to gather a z-stack encompassing the structures 
of a field of view in the central region of each biofilm at 12, 18, 24 
and 48 hr after the cells were initially deposited.
5.14 | Image analysis
Image data were stored in an OMERO server (Allan et al., 2012) and 
analysed in Matlab 2016b. For each image, the z-stack was down-
loaded into Matlab using the OMERO.matlab toolkit (Allan et al., 
2012) and segmented using Otsu thresholding (Otsu, 1979). The 
xz orthogonal plane at each y position of the segmented image was 
then analysed for the ‘top-most’ segmented pixel in z, and these val-
ues were used to build up a single xy matrix of z positions repre-
senting the structure height at every pixel location. To calculate the 
volume of structures in the centre of biofilms at each time point the 
product of height matrix and the voxel size was taken. The code is 
available: https://github.com/mport er-gre/Calcu latio n-of-Featu re-
Volum es-of-Biofilms. Data were categorised by strain and time point 
and represented as scatterplot drawn in GraphPad Prism 8.
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